Abstract: Electricity use for transportation has had limited applications because of battery storage range issues, although many recent successful demonstrations of electric vehicles have been achieved. Renewable biofuels such as biodiesel and bioethanol also contribute only a small percentage of the overall energy mix for mobility. Recent advances in hybrid technologies have significantly increased vehicle efficiencies. More importantly, hybridization now allows a significant reduction in battery capacity requirements compared to pure electric vehicles, allowing electricity to be used in the overall energy mix in the transportation sector. This paper presents an effort made to develop a Plug-in Hybrid Electric Vehicle (PHEV) platform that can act as a comprehensive alternative energy vehicle simulator. Its goal is to help in solving the pressing needs of the transportation sector, both in terms of contributing data to aid policy decisions for reducing fossil fuel use, and to support research in this important area. The Simulator will allow analysing different vehicle configurations, and control strategies with regards to renewable and non-renewable fuel and electricity sources. The simulation platform models the fundamental aspects of PHEV components, that is, process control, heat transfer, chemical reactions, thermodynamics and fluid properties. The outcomes of the Simulator are: (i) determining the optimal combination of fuels and grid electricity use, (ii) performing greenhouse gas calculations based on emerging protocols being developed, and (iii) optimizing the efficient and proper use of renewable energy sources in a carbon constrained world.
Introduction
With production of oil predicted to decline, the number of transportation vehicles continuing to increase globally, and the realization that we live in a carbon constrained world, a transformation of the transportation sector is inevitable. Next generations of transportation vehicles will not rely exclusively on the use of fossil fuels burnt in an internal combustion engine. Furthermore, the hydrogen fuel cell proposition is not as attractive as first believed, as no gain is possible when the hydrogen is derived from electricity or fossil fuels. Electric vehicles are also still severely limited by their range because of current battery technology; although recent battery improvements have aided commercial implementation, widespread application continues to present significant challenges. An alternative method to circumvent the battery range issues of electric vehicles is to consider the recent success of hybrid electric vehicle technology, which combines electric motor fast acceleration characteristics with an internal combustion (IC) engine that allows operation at constant speed and at full load, resulting in improved efficiency and lower emissions. A recent development is the option of recharging the battery when the vehicle is not in use.
The Plug-in Hybrid Electric Vehicle (PHEV) model aims to overcome the range limitation thus removing any impediment to the use of electricity as part of the energy mix for mobility applications. PHEV allows vehicles to operate in pure electric mode for short driving distances, in combined electric and fuel modes for urban driving, and mainly on fuel mode for highway driving when the driving range is critical and recharging is not practical. With more choices of energy sources, significant reduction in vehicle emissions and greenhouse gases are possible without 'upstreaming' these emissions, as often occurs for many proposed energy utilization scenarios that require energy conversion and storage steps that decrease second law efficiencies. The PHEV architecture should provide one of the best energy scenarios for transport vehicles, allowing a combination of energy sources that include renewable electricity and renewable biofuels. It also allows biofuels to occupy a larger proportion of the fuel energy mix for mobility applications, given supply of biofuels is limited. In jurisdictions where significant non-emitting energy can be produced (Canada, Brazil, France), the application of PHEV achieves the goal of near-zero emission vehicles. More importantly, PHEV improves the advantage of electric vehicles when using electricity as part of the mobility energy mix: only approximately 10% of the electric energy is lost during battery storage, compared to more than 60% when converting electricity to hydrogen and back to electricity when using fuel cells [1] [2] [3] [4] .
Hybrid electric vehicles can be configured in series and parallel. In a series configuration, no power is transferred mechanically between the fuel engine and the wheels: the fuel engine powers a generator, which in turn can both charge the batteries and deliver power to the motor. The electric motor powers the wheels. In the parallel configuration, there is a direct mechanical connection from both the electric power unit and the fuel engine to the wheels.
It can be postulated that the transportation industry will need to take a paradigm shift to address new realties, including the acceptance of the following:
• internal combustion engines should exclusively run at full load to meet new efficiency expectations and more stringent emissions regulations;
• electric motors should be the prime mover for mobility applications for light vehicles;
• increased fuel efficiency should be achieved by finding novel ways of using waste heat from the engine and/or fuel cells for conversion into additional power, and of providing cooling to reduce auxiliary power demand.
Moreover, through public education, it is hoped that eventually PHEV will be demanded by consumers as they favour the direct use of electricity above other energy sources, understanding that it results in much more limited environmental impact.
Methodology and justification
Presently, researchers focus on understanding the dynamics of hybrid vehicles by developing simulators. The results can be used to optimize the design cycle of hybrid vehicles by testing configurations and energy management strategies before prototype construction begins. Power flow management, optimization of the fuel economy, and reduction of emissions using intelligent control systems are part of the current research [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . For example, in Kheir et al. [7] an attempt is made to balance fuel usage and emissions as a performance index, with the PSAT rule-based controller being used for comparison. Bowles et al. [8] established an inverse hybrid vehicle model via Matlab/Simulink. Interest in hybrid vehicle simulation grew in the 1970's with the development of several prototypes that were used to collect a considerable amount of test data on the performance of hybrid drive trains [11] . Full hybrid electric vehicles, such as the Toyota Prius were studied in [15, 16] . A vehicle simulation software platform based on IDEAS Simulation Inc. software [21, 22] , was used to develop the proof-of-concept for PHEV. The approach and methodology has proven satisfactory with preliminary results showing that vehicle mobility, fuel consumption, and transient responses of various components can be sufficiently modeled. Advanced models that require solving several non-linear equations to simulate electrical transient system behavior are in the process of being coded into Matlab and integrated into IDEAS seamlessly. The mobility of a vehicle is governed by the energy equation, which describes the vehicle acceleration. The vehicle propulsion, braking and characteristics are modeled by the following set of equations: 
Control
PHEV implements three kinds of controls: direct control, vehicle system level control, and component level control. Direct control governs the flow of information from block to block in the model. One block can control another block through output connectors; the same block can be controlled by another block through input connectors. Signal and energy flow from block to block create a direct control network.
A closed-loop control governs the input of the first block and makes adjustment to produce the desired output of the last block in a feedback loop at each time step. The vehicle system level controller, for example, monitors the difference between the imposed duty cycle speed and the actual vehicle speed resulting from the energy model, making adjustment to the gas block and brake block. The pedal block controls the other vehicle components, and these components in turn will provide the require feedback.
A component level control means the control exists within the context of a block itself. These controls are programmed in blocks that have a performance limit, such as engine speed and maximum voltage in the IC engine block and battery block. Energy flow and electrical signals are the only information that flow in or out from these blocks. Energy flow directly affects different variables in various blocks, such as torque, voltage and engine speed. Component level control takes place when the output of the block is restricted by the value of various variables. For example, the power output of the electric motor will not increase until the model has achieved the maximum torque, even if a signal is asking the electric motor to produce more power.
Layout of PHEV Simulator
The layout of the simulator used in this work, implemented in IDEAS and Extend software, are shown in Figure 2 . It is a combination of forward and backward modeling approaches. A forward model calculates the result based on PHEV library, the fuel source for the IC engine can be diesel, petroleum, or biofuel; for the electric motor, the energy source can be Lead Acid, Lithium, or Nickel Hydride battery.
Emissions from the IC engine are included based on engine performance. The battery provides electric energy to the electric motor. The battery can be charged and discharged frequently during the simulation and can be made larger to allow simulating plugin vehicles. Within the simulator, various batteries in series or parallel configurations and from different manufacturers can be simulated. The battery block has internal and external inputs that include:
• Battery efficiency
• Power of battery
• Number of batteries (N)
• Voltage of battery
• Battery capacity (C)
• Battery recharge time
• State of charge (SOC) inputs to generate a required output, such as, for example, the power from the power propulsion system determines the acceleration of the vehicle. A backward model is based on the output of a variable that is yet to be evaluated, such as, for example, the power from the power propulsion system can be calculated based on the acceleration. The simulator itself is based on a forward model approach. It begins with the pedal block, which sends a signal to the electronic power controller for fuel so that the power propulsion system can generate power. Single or multiple power propulsion systems can be used in the simulator. The pedal block can also send a signal to the brake controller to apply braking power if required. The power propulsion system along with the regenerative braking system generates power according to their characteristic responses. This power is fed to the final drive block to activate the wheel block. The wheel block represents the dynamic response of a vehicle that is subject to time-variant multiple loads: gravity, wind resistance, drag, and inertia. The resultant energy is used to accelerate or decelerate the vehicle. The simulator calculates acceleration at each time interval, usually set to 1 second, and calculates the vehicle speed and distance travelled. A closed feedback control loop is implemented to simulate how a driver activates the gas pedal based on a predefined duty cycle. It is set up to receive the feedback from the wheel and directly change the pedal position.
The backward model is used to simulate energy sources. The power propulsion system generates positive energy flow by demanding output from the energy sources to match the required output energy of the power propulsion system. In doing so, the output of the energy sources is calculated from the output of the power propulsion system using a backward model to facilitate the energy transfer between the propulsion system and power sources. In the PHEV library, the fuel source for the IC engine can be diesel, petroleum, or biofuel; for the electric motor, the energy source can be Lead Acid, Lithium, or Nickel Hydride battery. Emissions from the IC engine are included based on engine performance. The battery provides electric energy to the electric motor. The battery can be charged and discharged frequently during the simulation and can be made larger to allow simulating plug-in vehicles. Within the simulator, various batteries in series or parallel configurations and from different manufacturers can be simulated. The battery block has internal and external inputs that include:
• Power of battery • Depth of Discharge (DOD)
• Voltage
• Current
The SOC determines the capacity of the battery. In the battery block, the battery SOC is limited between 0 and 0.99. The battery is modeled using the battery characteristics shown in Table 1 . The voltage equation for the lead acid battery is: 
The characteristic of the electrical motor is described by a first order transfer function. The electric motor receives a gas signal from the electronic power controller, and supplies power to the final drive according to the transfer function parameter. The power output of the electric motor is controlled by the motor controller; it prevents over charging the battery. The power controller also regulates the charging of the battery using regenerative braking and charging the battery using the IC engine.
Test Plan
A test plan was developed to determine the accuracy and capability of the simulator in modeling a PHEV and to identify areas of further development. For the purpose of the test plan, the research group determined that the most valuable chassis style to analyze would be the transit bus due to its high frequency of stop and go duty cycles, and due to good accessibility to manufacturer data. Application of PHEV technology to public vehicles with urban routes offers the possibility of recharging the batteries several times during the day, significantly improving efficiency and contributing to decrease of urban smog.
Baseline Bus
A baseline model of a transit bus was developed to validate the modeling technique. PHEV results were compared to the performance of the D40LF transit bus manufactured by New Flyer Bus Company, more specifically to simplified theoretical models used by the manufacturer when designing this bus model. The D40LF transit bus model can carry 39 seated passengers and has a curb vehicle weight of 29,330 lbs (13,300 kg). The gross vehicle weight of the bus is 40,350 lbs (18,300 kg). It is equipped with a 280 horsepower diesel engine (209 kW). For the simulations, the bus model is assumed to operate under city road conditions in summer dry weather. The specifications of the bus are shown in Table 2 . For performance tests, the specifications used by New Flyer require that the bus utilize all the accessories, including the air conditioning compressors. The bus should be loaded with the driver and contain 50% of the maximum passenger capacity. Therefore the total bus weight for the test is 16,000 kg. To validate the capability and accuracy of the PHEV library, the results from the simulator are also compared to the New Flyer analytical model developed for this bus. Comparisons of the results are shown in Figures 3 to 5 . Unlike the simulator, the analytical models used to predict the bus dynamic behavior does not take into account dynamic effects as it consists of a series of quasi-static calculations. The delay in response of engine power predicted by the simulator is a result of incorporating the dynamic characteristics of the engine and the various vehicle components.
Plug-in parallel hybrid electric transit bus model
A parallel hybrid vehicle is one in which part of the drive energy to the wheels comes from the internal combustion engine and part comes from an electric motor. The PHEV simulator input for a parallel hybrid vehicle is an open design since the level of hybridization can be adjusted by the size of the electric motor and the battery. There 
A parallel hybrid vehicle is one in which part of the drive energy to the wheels comes from the internal combustion engine and part comes from an electric motor. The PHEV simulator are yet no standards and the control algorithms are often proprietary. The internal combustion engine can then be resized with the objective either to operate more efficiently at a different load, or to produce fewer emissions.
A plug-in hybrid increases the size of the battery and allows the battery pack of a hybrid vehicle to be fully charged when the vehicle is not in use. The battery pack is considered to have 100% state of charge (SOC) before starting. The SOC is an important factor in the design of a hybrid vehicle. The addition of plug-in capability can significantly increase the effective fuel economy of the vehicle. PHEV can be charge-depleting or charge-sustaining, depending on vehicle use and controller algorithm. To develop a versatile PHEV simulator, the vehicle must be able to operate in either mode. In the PHEV simulator, the SOC of the battery before initiating a simulation is adjusted using a slider bar in the battery block. The test plan used an existing hybrid electrical transit bus. The New Flyer transit bus model DE40-LF was chosen as the basis of the model. The entire vehicle specifications are used except the battery capacity of the simulated plug-in parallel hybrid transit bus is increased. A larger battery capacity is designed to carry more energy in the battery to sustain a trip from station to station. The battery weight is added to the vehicle and it is assumed that the SOC can be increased once the bus reaches the end station. The main specification of the plug-in parallel hybrid transit bus model is shown in Table 3 .
A hybrid vehicle that is charge-depleting means that the SOC is decreasing over time. A charge-depleting hybrid is one where the combustion engine is not large enough to recharge the battery pack at the same rate it is discharging. A charge-sustaining hybrid is one where the combustion engine is able to keep up with the demands of the route by recharging the battery pack as fast as it is depleted. Most plug-in hybrids can be operated as charge-depleting hybrids, but some designs are chargesustaining. All of the designs simulated during the work presented here are charge-sustaining hybrids, which mean that if operators decided not to use the plug-in option, the vehicle would still operate as effectively as a conventional hybrid. This approach does not maximize fuel efficiency. Determining the fuel economy and average emissions for the bus requires knowledge of typical transit bus usage profiles. Our test plan for the PHEV simulator assumes the Central Business District Transient chassis dynamometer test cycle (CBD). The CBD test cycle is designed for heavy-duty urban vehicles (constant stop and start cycles) resulting in the engine, transmission, and auxiliary systems operating in a transient mode. Transient operation is a condition detrimental to the goals of high efficiency and low emissions. A simple component sizing and PHEV control strategy was developed for the CBD cycle to demonstrate the capability of the simulator. The study's target is to reduce fuel consumption and maximize the usage of electrical energy in the plug-in parallel hybrid transit bus before it becomes charge-sustaining. In this study it is assumed that the plug-in parallel hybrid transit bus will not charge-deplete after consuming the plug-in electrical energy. Based on the DE40-LF bus, the component size of the PHEV transit bus model simulated must meet the requirements specified in Table 4 . 
Results
A performance test is performed to compare the PHEV transit bus model with the baseline transit bus. The simulations are performed with all accessories, starting from idle conditions and the buses have an acceleration limit of 0.3. Simulation parameters are shown in Table 5 . The simulations were performed using the Central Business District Transient chassis dynamometer test cycle (CBD) using a simulation time of 1,722 seconds. For the PHEV simulation, the bus begins with a SOC of 90% as a result of charging. Simulation results in Figures 6 to 9 show that the bus speed is closely matched with the required speed, except there is a small overshoot occurring for the parallel hybrid bus. Results also show that the PHEV bus model has a better fuel mileage compared to the baseline bus model. This improved fuel efficiency is due to less engine power being used to maintain the state of charge of the battery. In the 9 km range, the variation of state of charge of the PHEV bus model is stable as shown in Figures 8 and 9 . The depletion rate is slow because the model is able to recapture most of the mobility power using regenerative braking. This reflects well on the performance of PHEV as a short range transit bus, given the travel distance from one station to another station is typically in the range of 10 km. From the emissions data (Table 6 ), the pollutants from the PHEV model, which includes carbon dioxide, NO x and PM, have decreased significantly compared to the baseline model due to the lower energy supplied from the engine.
Conclusions
The implementation of a PHEV simulation platform using IDEAS and Extend software is demonstrated to be possible, and may used for modeling several vehicle platforms. Because a forward model is used in the simulator, advanced control techniques are required and will be developed in the future. It was found that the development of a stable feedback controller for the simulator is challenging. The feedback control loop represents the response of a driver in pressing the gas and brake pedals. A gain is added to stabilize the response of the vehicle, representing the driver's ability in controlling the gas pedal, station to another station is typically in the range of 10 km. achieving stable vehicle performance and meeting the requirement of the duty cycle. As the PHEV platform can be used to simulate both small cars and heavy duty vehicles, inertia variations and time response can be significant. This means that the gain requires its own library model, rather than being a user input. It is found that a fixed gain cannot be used to simulate varying speeds and driver behavior. The simulation of a weak battery PHEV was able to demonstrate that the simulation platform can be used to verify vehicle design with a view of optimizing energy resources.
